Uncontrolled cell proliferation is a major feature of cancer. Experimental cellular models have implicated some members of the Rho GTPase family in this process. However, direct evidence for active Rho GTPases in tumors or cancer cell lines has never been provided. In this paper, we show that endogenous, hyperactive Rac3 is present in highly proliferative human breast cancer-derived cell lines and tumor tissues. 
R
ac proteins are members of the Rho GTPase family and act as molecular switches in regulating a variety of biological response pathways, including cell motility, gene transcription, cell transformation, and cell-cycle progression (1) . The Rac family includes Rac1, the myeloid-lineage-specific Rac2, and the recently cloned Rac3 proteins (2) . Rac3 differs from Rac1 and Rac2 in two domains, the insert region and the C terminus, which influence transformation (3, 4) , interaction with guanine nucleotide exchange factors (GEFs) (5, 6) , and subcellular localization (7, 8) . Small GTPases, including Rac, cycle between an inactive GDP-bound state and an active GTP-bound state. Two classes of regulatory factors, GTPase-activating proteins (GAPs) and GEFs, determine by their opposing effects the ratio of GDP versus GTP, which is bound to the GTPase (1) . GAP proteins increase the intrinsic rate of GTP hydrolysis, rendering the GTPase inactive, whereas GEFs enhance the exchange of bound GDP for GTP, thereby activating the protein. Active Rac regulates distinct downstream signaling pathways by interacting with specific effector proteins, including a family of serinethreonine protein kinases termed Paks (p21-activated kinases) (9) (10) (11) .
Apart from its well documented role in cytoskeletal rearrangements in growth factor-stimulated cells (12) , Rac1 is required for Ras-induced malignant transformation and is involved in transcription and growth control (1, 13, 14) . Recently, the importance of the Rac effector Pak in cell transformation has been highlighted by inhibiting RasV12-and Rac1V12-induced transformation of Rat-1 fibroblasts with a catalytically inactive form of Pak (15, 16) . The involvement of Rac1 in driving cell-cycle progression through the G 1 phase and stimulating DNA synthesis has been shown by introducing dominant-active and -negative Rac1 mutants into fibroblasts (17, 18) . However, the signaling pathways used by Rac to control mitogenesis and proliferation still remain poorly understood. Overexpression of constitutively active Rac-effector-domain mutants in fibroblasts indicated that although Rac1 mediated cyclin D1 transcription by Pak in NIH 3T3 cells (19) , Pak was not involved in the DNA synthesis of Swiss 3T3 cells (20) . Accumulating evidence, however, suggests higher complexity where Pak-binding proteins, such as the GEF Pix, contribute to the Rac-Pak interaction in vivo and influence subsequent cellular functions (21) (22) (23) .
All biological functions listed above have been attributed to Rac1 in experimental cell systems using overexpression or microinjection of mutant forms. Endogenously active Rho GTPases, including Rac, have not yet been observed. In this paper, we describe a consistently active Rac3 GTPase leading to hyperactivity of its effector protein kinase, Pak, in human breast cancer-derived epithelial cell lines. Analysis of growth properties and DNA synthesis revealed that both proteins are required to convey the highly proliferative phenotype displayed by these cells.
Materials and Methods
Cell Culture. Breast cancer cell lines were obtained from the American Type Culture Collection (ATCC) and were grown in medium containing 10% heat-inactivated FBS͞1 mM glutamine͞10 mM Hepes͞100 units/ml penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO 2 . Cell lines MDA-MD 231 and MDA-MB 435 were grown in Leibovitch's L15 medium, T47D and Hs578T in RPMI medium 1640, and MCF 7 in Eagle's minimal essential medium, as recommended by the ATCC. Normal breast epithelial cell line HMEC 184 A1 was cultured as described in http:͞͞www.lbl.gov͞ϳmrgs.
Cell Lysates, Pak-p21-Binding Domain (PBD) Assay, and Immunoblot Analysis. Cells were lysed after 18-to 24-h serum starvation in 25 mM Tris⅐HCl, pH 7.5͞1 mM EDTA͞5 mM MgCl 2 ͞1 mM DTT͞0.1 mM EGTA͞100 mM NaCl͞1% Nonidet P-40͞1 mM phenylmethylsulfonyl fluoride͞1 g/ml leupeptin͞1 g/ml aprotinin. Breast cancer cell lysates (300 g), tissue lysates (450 g), or transfected cell lysates (100 g) (HeLa, MDA-MB 231, and MDA-MB 435) were incubated with 10 g of recombinant glutathione S-transferase (GST)-PBD (amino acids 69 through 150 of human Pak1) for 1 h at 4°C and washed as reported (24) . Immunoblotting was performed with anti-Rac1 (Upstate Biotechnology, Lake Placid, NY), anti-Cdc42 (Santa Cruz Biotechnology), anti-Rac3 (2) or 9E10 anti-Myc (Babco, Richmond, CA) antibodies and visualized by incubation with horseradish peroxidase-conjugated secondary antibodies and chemiluminescence (Pierce). The specificity of antibodies directed against Rho GTPases was tested with recombinant proteins produced in Escherichia coli and in HeLa cells.
Plasmids and Transfections. Rac3 wild-type (wt) cDNA was cloned from HMEC 184 cells by reverse transcription-PCR using Rac3-specific primers (2) and subcloned into the Myc-tagged pRK5 mammalian expression vector. Mutagenesis was performed with the QuikChange site-directed mutagenesis kit (Stratagene). The cDNAs encoding Myc-tagged Rac3wt, dominant-negative Rac3N17, constitutively active Rac3V12, Pak1 PBD (amino acids 69 through 150), Pak1 PBD F107, and Pak1 Pak-inhibitory domain (PID, amino acids 83 through 149), were subcloned into the pSFV3 vector to produce recombinant viral Semliki Forest virus stocks as described (25) . PCR fidelity and site-directed mutagenesis were confirmed by sequence analysis. Cells were infected with activated virus in serum-free medium for 2 h and allowed to express protein for 12-14 h in serum-free medium before being used in experiments. Cells were fixed and stained with rhodamine-phalloidin and with anti-Myc antibody, followed by FITC-conjugated anti-mouse antibody to visualize cells expressing Myc-tagged proteins. Viral transfection efficiency was between 70% (HMEC 184) and 95% (MDA-MB 435 and MDA-MB 231) for all recombinant virus.
Kinase Assays. Cell lysates were prepared from 20-to 24-h serum-starved cells as described above. Pak activities (60 g of protein) were measured after renaturation by using in-gel kinase assays with SDS͞6.5% PAGE gels containing a peptide substrate that corresponds to amino acid residues 297 through 331 of p47 phox . This technique was performed as described (26) . Pak activities were also analyzed after immunoprecipitation with specific Pak antibodies followed by in vitro kinase assays (27) using histone H4 (Fluka) as a substrate. c-Jun N-terminal kinase (JNK) activity was determined after incubation of 300 g of cell lysate with 2 g of recombinant GST-c-Jun (amino acid residues 1 through 89), followed by in vitro kinase reaction on beads and detection with phospho-specific c-Jun antibody (New England Biolabs).
BrdUrd Incorporation. Cells infected with Semliki Forest virus encoding ␤-galactosidase (LacZ), wild-type and mutated forms of Rac3, or Pak fragments were allowed to express protein for 12-14 h in serum-free medium containing 10-20 M BrdUrd for the times indicated. Cells were fixed and stained with FITCconjugated anti-BrdUrd antibody (Becton Dickinson) (18) .
Results and Discussion
Highly Proliferating Cancer Cells Contain Hyperactive Rac3. Comparison of growth rates among several breast cancer cell lines showed that three lines (MDA-MB 435, T47D, and MCF 7) grew faster under normal and low-serum conditions (Fig. 1) . Interestingly, in contrast to MDA-MD 231 and Hs578T cells, these three highly proliferative cell lines do not possess mutated Ras (28, 29) . To assess whether Rho GTPases drive this cellular phenotype, we determined whether these cell lines contained active GTP-bound Rac or Cdc42. We used a recently described assay, the PBD-pulldown assay (24) , which is based on the specific binding of the GTP-bound forms of Rac and Cdc42 to the PBD of Pak (10) . Neither active Rac1 ( Fig. 2A ) nor active Cdc42 (data not shown) could be detected in any of the cell lysates obtained from serum-starved cells. However, both proteins were detected if the PBD-pulldown assay was performed with in vitro guanosine 5Ј-[␥-thio]triphosphate (GTP[␥S])-loaded cell lysates, confirming that Rac1 and Cdc42 were present in their inactive GDP-bound forms in these cells (Fig. 2 A Fig. 2B ) and not the inactive form. To probe for Rac3 protein in breast cell lysates, a Rac3-specific antibody was used. GST-PBDpulldown experiments from cell lysates revealed the presence of hyperactive Rac3 in highly proliferative cell lines (MDA-MB 435, T47D, and MCF 7), but not in normal breast cell lines or in less proliferative breast cancer cells (Fig. 2C) . Additionally, as indicated by the virtual absence of Rac3 in the supernatant of the PBD pulldown, all the Rac3 protein present in these cell lines was active (Fig. 2C) . To demonstrate that consistent Rac3 activation is not limited to cell lines, we performed an initial screening of human metastatic breast cancer tissues and found active Rac3 in one of three samples, underlining the potential clinical relevance of the cellular findings (Fig. 2D) .
Subcellular Localization and GTPase-Regulatory Factors Influence
Rac3 Activity. Constitutive activation of Ras proteins in cancer cells is often caused by activating point mutations at the switch I or II regions (29) . cDNA cloning and complete sequence analysis of full-length Rac3 did not reveal any mutations in the breast cell lines studied and did not explain the observed Rac3 activation. GTPase-regulatory proteins such as GEFs and GAPs, which are usually regulated by upstream stimuli, control cycling between the active and inactive forms of Rac. To confirm the presence of an altered regulatory mechanism involved in Rac3 activation, we used the PBD-pulldown assay to analyze the activation state of Myc-tagged Rac3wt transfected into either MDA-MB 231, a cell line harboring only GDP-Rac3, or MDA-MB 435, a cell line that contains endogenous, active GTP-Rac3. Fig. 2E shows that activated Myc-Rac3 was detected only in the MDA-MB 435 cell line, confirming that the regulation of the GDP͞GTP state of Rac3 was altered in these cells. We then investigated several upstream stimuli that have been shown to affect GTPase-regulatory proteins (28, (30) (31) (32) . We excluded the possibility of an autocrine growth-stimulatory loop by culturing MDA-MB 231 cells with the conditioned medium from MDA-MB 435, which did not affect the Rac3 activation state (data not shown). Treatment of cell cultures with phosphatidylinositol 3-kinase or tyrosine kinase inhibitors, including wortmannin, LY294002, and genistein, did not decrease Rac3 activation (data not shown). At this point, we speculated that an oncogenic, Rac3-specific GEF is present in certain breast cancer cells. GEFs possess a pleckstrin homology domain that is essential for membrane localization and for their oncogenic properties (5, 33) . Analysis of the subcellular localization of the Rac family members revealed that Rac3 is located in the membranes of breast epithelial cell lines, independently of its activation state (Fig. 2F) . In contrast, endogenous Rac1 in its inactive GDPbound state was essentially cytosolic (Fig. 2F) . Thus, the distinct localization of Rac3 and Rac1 may contribute to their different activation states in certain breast cancer cell lines. It is conceivable that the highly proliferative cell lines (Fig. 1) express a constitutively active, membrane-bound Rho GEF that activates adjacent Rac3 protein. This hypothesis was further supported by using an hydroxymethylglutaryl-CoA reductase inhibitor, lovastatin, that interferes with isoprenoid synthesis and thereby with posttranslational processing of GTPases. Unprocessed Rac3 from lovastatin-treated MDA-MB 435 cells was predominantly cytosolic and inactive (GDP-Rac3) (data not shown). The requirement of membrane localization for consistent Rac3 activity was further supported by using a Rac3S189 mutant. Replacing cysteine-189 of the CAAX box with serine abolishes isoprenoid incorporation, rendering the GTPase cytosolic. This Rac3 mutant remained in its inactive GDP-bound state when transfected into MDA-MB 435 cells (data not shown).
Several Rho GTPase-regulating GEFs have been identified (5), including the Rac1-specific GEF Tiam-1, which has been linked to tumors such as invasive T-lymphomas (34) . Although Tiam-1 is expressed in virtually all tissues, no evidence of oncogenic truncations or alternative splicing of Tiam-1 transcripts has been found (35) . A variation of Tiam-1 transcript levels in certain cancer cell lines might lead to overexpression and possibly activation of Tiam-1 protein. However, the activation state of Rac3 protein in the cell lines used in this study does not seem to correlate with Tiam-1 expression levels as reported by Habets et al. (35) . Hyperactivity of Rac3 in cancer cells could also result from an absent or dysfunctional Rac3-specific GAP protein. By accelerating the intrinsic GTP hydrolysis rate, GAPs render the GTPase inactive and act as tumor suppressors. Deletion or mutations in the RasGAP gene NF1 and the RhoGAP homologs bcr and DLC-1 have been reported in cancer cells (36, 37) .
Active Rac3 Drives Epithelial Cell Proliferation. To study whether active Rac3 could account for the high proliferation rate of certain breast cancer cells, we expressed a constitutively active Rac3 mutant (Rac3V12) in normal mammary epithelial cells (HMEC 184) that contain only GDP-Rac3 (Fig. 2C) . Rac3V12 expression significantly increased the incorporation of BrdUrd into nascent DNA (Fig. 3) , emphasizing that transfection of active Rac3 drives epithelial cell proliferation.
Hyperactive Pak and c-Jun Kinases in Cancer Cells. The signaling cascade utilized by Rac proteins to control cell proliferation still remains to be identified (1, 9), but might involve Paks. We analyzed Pak activity in cell lysates derived from serum-starved breast cancer cell lines by using in-gel kinase assays and by using in vitro kinase assays after immunoprecipitation with Pakspecific antibodies. Pak activity was increased 4-to 6-fold in the three cell lines containing active Rac3 (Fig. 4A ). This increased kinase activity was mainly associated with the Pak2 isoform, which can phosphorylate and positively regulate Raf-1 activity, another key component in cell proliferation (38) (39) (40) . Intracellular Rac-regulated signaling pathways impinge on distinct mitogen-activated protein kinase cascades. Constitutively active Rac has been shown to positively regulate the activity of the stress-activated kinases JNK and p38 (1). Moreover, ERK activity can be indirectly stimulated by Rac or mediated by crosstalk between the distinct mitogen-activated protein kinase cascades (1, 41) . Determination of distinct mitogen-activated protein and stress-activated protein kinase activities in the breast cell lines studied here showed that consistent Rac3 and Pak kinase activities were associated with enhanced JNK activity (Fig. 4A) . In contrast, no correlation existed between p38 or ERK kinase activities and active Rac3 or Pak (data not shown).
Rac3 Triggers Pak and JNK Activities by Separate Pathways. To determine whether the highly proliferative phenotype of breast cancer cells depends directly on a consistently active Rac3-Pak-JNK cascade, we used virus-mediated protein expression in MDA-MB 435 cells to examine the ability of Rac3 and Paks to control JNK activation and cellular proliferation. The importance of Pak as an effector protein in Rac-mediated activation of JNK is still controversial and seems to be cell-type-dependent (42) . Expression of the PBD domain, which controls the activity of both Rac and Pak (21) , completely inhibited Pak and JNK stimulation (Fig. 4B) . The mutation of leucine to phenylalanine at position 107 of the PBD domain suppresses the autoinhibitory function of the PBD (21) . Thus, PBD F107 will act only to sequester active Rac3 and blocks its ability to bind and activate endogenous effectors. Expression of either dominant-negative Rac3N17 or PBD F107 almost completely blocked Pak and JNK activities, demonstrating that Rac3 is upstream of these proteins (Fig. 4B) . Moreover, Pak kinase activity can be inhibited independently of Rac3 by overexpressing the kinase autoinhibitory domain, PID, which does not interact with Rac (21, 43) . Transfection of PID into MDA-MB 435 cells dramatically inhibited Pak activity as expected, but did not decrease JNK activation (Fig. 4B) . Our results indicate that in MDA-MB 435 cells, consistent stimulation of JNK by Rac3 is independent of PAK activity and that Rac3 initiates two different pathways involving Pak and JNK, respectively.
Rac3 and Pak Are Both Required for Breast Cancer Cell Proliferation.
We subsequently determined which of these two Rac3 pathways promoted the increased cell proliferation in breast cancer cell lines with hyperactive Rac3. We studied the consequence of expressing inhibitory Rac mutants or Pak fragments on DNA synthesis. LacZ-expressing MDA-MB 435 cells still proliferated in low-serum conditions and 35% incorporated BrdUrd (Fig. 5) . This percentage increased to 50% when Rac3wt, which will be partially activated in these cells (Fig. 2E) , is expressed (Fig. 5 Bottom Right). In contrast, expression of inhibitory proteins, including Rac3N17 or the PBD that suppressed Pak and JNK activation (Fig. 4B) , almost completely blocked S-phase entry, as indicated by the absence of BrdUrd incorporation (Fig. 5) . Expression of the PID that inhibited Pak kinase activity without affecting JNK stimulation (Fig. 4B ) also arrested proliferation in MDA-MB 435 cells (Fig. 5) . These experiments emphasize the crucial role of active Rac3 for DNA synthesis in breast cancer cell lines and demonstrate that Pak kinase activity is necessary for Rac3-induced proliferation.
Our results establish the persistent activation of a small Rho GTPase, Rac3, and the effector kinase Pak in human breast cancer cells. In contrast to Rac1, endogenous Rac3 is localized at the plasma membrane in both guanine nucleotide states. It seems likely that a Rac3 regulatory protein is altered or deleted in highly proliferating cancer cells, and that its specificity toward Rac3 results from the adjacent location of both proteins at the membrane and͞or from discrete Rac3 domains, which convey a specific interaction. The cytoskeletal phenotypes of serumstarved breast cancer cells, such as ruffles or lamellipodia typical of Rac1 protein activation, did not seem to correlate with the GDP versus GTP state of endogenous Rac3. This may suggest that Rac family members are specialized in certain cellular functions, as already reported for Rac2 in leukocyte phagocytosis (44) and now demonstrated by us for Rac3 in cancer cell proliferation. Our studies establish further that endogenous, active Rac3 is essential for breast cancer cell proliferation via a Pak-dependent pathway. Paks have been shown to directly phosphorylate Raf kinase, which binds to retinoblastoma protein and regulates its function (45) , and to interact with cyclindependent kinases to up-regulate cyclin D1 expression (46) . Initial screening of various human cancer-derived cell lines revealed the presence of hyperactive Rac3 and Pak kinase in other types of highly proliferating tumors (data not shown). Further investigations, primarily in animal models and clinical settings, will be necessary to assess whether loss of Rac3 and Pak regulation correlates with certain breast tumor stages and is accompanied by specific alterations in cell-cycle regulators. Approaches to inhibit Rac3 or Pak activity would then open a new avenue for cancer therapeutics.
